Chloroform, monochlorodifluoromethane and nitrous oxide produced dose-related decreases in the rectal temperatures of mice allowed to choose between a warm and a cool environment.
INTRODUCTION
In previous experiments it was shown that mice exposed to subanaesthetic partial pressures of nitrous oxide or nitrogen, and allowed to choose between a warm and a cool environment, selected the cooler environment in spite of becoming hypothermic (Pertwee, Marshall & Macdonald, 1986) . Each gas affected the animals' behavioural thermoregulation, appearing to cause the mice to regulate their deep body temperature at a lower than normal level. It was also found that the ability of subanaesthetic doses of nitrous oxide and nitrogen to decrease the body temperatures of mice, given the choice of warm and cool environments, correlated with anaesthetic potency. However, the nitrogen experiments were performed at higher ambient pressures than those with nitrous oxide so that convective heat transfer in the gas phase, a pressure-sensitive process, was markedly greater in the former experiments than in the latter (Pertwee et al. 1986; Macdonald, Pertwee & Marshall, 1990) .
The purpose of the present study was to determine whether the ability of nitrous oxide and nitrogen to alter behavioural thermoregulation in mice is shared by other general anaesthetics. Chloroform and monochlorodifluoromethane were chosen because they differ markedly in their potency as general anaesthetics, both from each other and from the previously studied agents, nitrous oxide and nitrogen. They were also chosen because they were expected to have little effect on convective heat transfer in the gas phase when administered at subanaesthetic doses, both being sufficiently potent to produce anaesthesia at partial pressures well below 1 atm (Miller, Paton, Smith & Smith, 1972) . The experiments with monochlorodifluoromethane were carried out under conditions similar to those used in the previous experiments with nitrous oxide (Pertwee et al. 1986 ). However, it was necessary to use a different protocol for the experiments with chloroform since this agent is not a gas. Consequently, to aid interpretation of the data, the previously studied anaesthetic, nitrous oxide, was included in this part of the investigation. Here it was administered under the same conditions as those used in the experiments with chloroform. Some of the results described in this paper have been presented to the Physiological Society (see Macdonald, Marshall & Pertwee, 1989) .
METHODS

Animals
Experiments were conducted with male albino MFI mice, weighing 25-32 g. The animals were maintained on a circadian cycle of 12 h light (07.00-19.00 h) and 12 h darkness and received food and water ad libitum. The experiments took place between 10.00 and 18.00 h.
Behavioural thermoregulation apparatus
A mouse was placed in an apparatus consisting of two semicircular tunnels (width 26 mm, height above the wire mesh floor 30 mm) joined together to form a complete circle (SC in Fig. 1 ). The apparatus is described in Pertwee et al. (1986) . As before the tunnels were kept at different temperatures, providing the animal with a choice of a warm and a cool tunnel. The gas temperature of one of the tunnels (29°C) was adjusted so that the animals could maintain their deep body temperature in the range 36-38°C. The gas temperature of the other tunnel (24-7°C ) was low enough to cause a fall in the rectal temperature of mice exposed to a hypothermic dose of anaesthetic. The tunnel temperatures were selected by carrying out pilot experiments.
Before each experiment, a thermistor probe (YSI 402) was inserted 3 cm into the animal's rectum. The probe leads were secured to the tail with adhesive tape and then passed through a gap in the roof of the apparatus (Fig. 1) to be connected via an arm (A) mounted on a spindle (S) at the centre of the two tunnels. As the mouse moved forwards or backwards it rotated the arm which actuated a series of cam switches (experiments with monochlorodifluoromethane) or photocells. These connected to leads passing out of the tunnel apparatus to a meter (YSI 43TA) and a microcomputer (BBC model B). The cam switches and photocells were arranged so as to allow the time spent by the animal in the following four sectors to be monitored continuously: (1) in the warmer tunnel, (2) in the cooler tunnel, (3) in the warm-cold junction and (4) in the cold-warm junction. The four sectors are shown in Fig. I A by the radiating dashed lines. The mouse is shown in a position which would be recorded as sector 1. For the cam switches or photocells to indicate that the mouse had moved into the next sector (3), the animal would have to move forward until its body had entered sector 3 beyond an imaginary line crossing the body just behind the ears. Time spent in the four sectors was recorded over sequential 5 min periods throughout each experiment. Although the apparatus was primarily designed to study behavioural thermoregulation, it was possible to obtain a 'locomotor activity score' by recording the number of circuits the mouse completed per 30 min. Rectal temperature was measured every 5 min.
Environmental control
The gases used were air, oxygen (medical grade), nitrous oxide (medical grade) and monochlorodifluoromethane, supplied by BOC Ltd. Special mixtures were individually prepared for certain experiments and stored in a separate gas cylinder. Chloroform was supplied by Aldrich (HPLC grade). Carbon dioxide was absorbed by soda lime placed beneath the mesh floor of each tunnel.
Monochlorodifluoromethane
The tunnel apparatus was mounted inside a pressure vessel, as described previously (Pertwee et al. 1986 ) and shown in Fig. 1 B. It was possible to observe the animal through a polymethacrylate window (W) mounted in the top end-plug of the pressure vessel. Inside the pressure vessel, the gas outlet port connected to a narrow plastic tube which passed to the space between the window and the tunnels. Samples withdrawn from the vessel for analysis were therefore taken from the region occupied by the mouse. In contrast, the gas inlet port was not ducted, and gas entered the pressure vessel through the lower end-plug (P1). The paired semicircular tunnels comprising the behavioural apparatus (SC) were each mounted on a steel block (B) whose temperature was controlled by water passing through a pair of thermally insulated pipes at normal atmospheric pressure. These passed through the bottom end-plug (P1) of the pressure vessel to a temperature-controlled pump (Churchill Thermoflow Model TF) located outside the vessel (Fig. 1 B) . Temperature-controlled water (25°C ) was also separately circulated through a jacket (WJ) surrounding the entire length of the pressure vessel. Thermistors (YSI 427) monitored the temperature of the jacket exterior, the underside of each of the two steel blocks and the outside wall of each tunnel. Each thermistor was insulated from the ambient gas by a pad of plastic.
Nitrous oxide and chloroform For these experiments the tunnel apparatus was mounted in a glass desiccator (Simax), internal diameter 17 cm. The lid of the desiccator was fitted with a Teflon plug through which were passed electrical, gas and water connections. During experiments the lid and bowl of the desiccator were clamped together with bulldog clips and a gas-tight seal was made with silicone grease. Tunnel temperatures were regulated by means of two temperature-controlled pumps (Churchill Thermoflow Model TF) which were used to circulate water through two copper tubes, one tube being brazed to the outer wall of each semicircular tunnel. The gas temperature of the desiccator was kept at 25°C by partially immersing it in a temperature-controlled water bath. Both gas and tunnel wall temperatures were monitored using copper-constantan thermocouples connected to a Comark meter (type 6130). Two tunnel wall thermocouples were used. Each was placed on the outer wall of a tunnel and was insulated from the ambient gas by a pad of plastic. Vapour mixtures of chloroform were prepared using the method described by Paton & Speden (1965) . Briefly, a microinjection pump (Sage, model 355) was used to inject chloroform at predetermined rates into a stream of gas maintained at a temperature of 25 'C and flowing at a rate of I 1/min. In the first series of experiments, chloroform was injected into dried compressed air. In the second series, the chloroform was added to air or to a mixture of nitrous oxide, nitrogen and oxygen (see ) by guest on April 7, 2013 ep.physoc.org Downloaded from Exp Physiol ( ambient temperature, Vm is the volume occupied by one mole of chloroform vapour at the ambient temperature and pressure and x is the required percentage (v/v) . The equation is a rearrangement of the one used by Paton & Speden (1965) . Dose levels of chloroform have been expressed in terms of partial pressure by converting percentage (v/v) to atmospheres.
Protocol
In all experiments mice were first subjected to control conditions (air or oxygen) in order to obtain baseline values of rectal temperature and behaviour. A pre-treatment period of 30 min was chosen since previous experiments (Pertwee et al. 1986) had shown this to be long enough to yield stable control values.
Monochlorodifluoromethane
For the first 30 min (-30 min to time zero), mice were subjected to 1 atm of oxygen (1 atm = 1013 x 105 Pa). The chamber was then flushed for 5 min with a mixture of oxygen and monochlorodifluoromethane (0-028, 0-057 or 0-085 atm) and the mouse kept in the new gas mixture until + 120 min. Control experiments in which monochlorodifluoromethane was replaced by nitrogen were not carried out since previous experiments with the same apparatus had shown that a mixture of oxygen and a low partial pressure of nitrogen (0 5 atm) had no effect on either rectal temperature or behavioural thermoregulation (Pertwee et al. 1986 ). Nitrous oxide and chloroform
The behavioural apparatus was flushed continuously with air for 30 min and then (from time zero) with the anaesthetic agent mixed with air (chloroform) or with nitrogen plus 0-2 atm of oxygen (nitrous oxide). Chloroform was administered at partial pressures of 0-0013, 0-0026 or 0 004 atm and nitrous oxide at partial pressures of 0 25 or 0 5 atm. Control mice were subjected to air throughout the experiment.
Data analysis
Differences between the means of experimental values have been assessed by Dunnett's test (Dunnett, 1964) 
RESULTS
All three anaesthetics produced dose-related falls in rectal temperature, usually to new steady levels (Tables 1-3) . Their log dose-response plots were approximately parallel (Fig.  2) . No change in rectal temperature took place when the behavioural apparatus was flushed with air although there was a significant increase in time spent in the warmer tunnel (Table  1) . A similar behavioural change was observed in mice receiving nitrous oxide at a dose of 0 25 atm, even though this dose also elicited hypothermia. However, the larger falls in rectal temperature produced by nitrous oxide at a dose of 0.5 atm were associated with marked reductions in the length of time spent in the warm. Significant reductions in time spent in the warm also occurred following the administration of monochlorodifluoromethane at all doses and of chloroform at the two higher doses (Tables 2 and 3 ). The locomotor activity score of the group of animals exposed to a stream of air was highest over the first 30 min (9 + 2 circuits/30 min), rapidly declining thereafter (1 or 2 circuits/30 min). Similar locomotor activity scores were obtained in the anaesthetic experiments. Table 4 shows the effect of interchanging tunnel temperatures on the behaviour of mice which had already been exposed to a hypothermic dose of chloroform for 60 min. The animals responded by moving out of the tunnel in which the rise in temperature was occurring and remained hypothermic. In the other experiments in which the tunnel temperatures were held constant, the mice also moved about the apparatus, demonstrating that none of the anaesthetic doses used abolished the ability to pass from one tunnel to the other. Mice were exposed to 1 atm of oxygen from -30 min to time zero and to mixtures of monochlorodifluoromethane and 1 atm of oxygen from time zero to + 120 min (closed system). Data for 0-028 atm monochlorodifluoromethane show means from ten mice. See also footnote to Table 1 .
DISCUSSION
Chloroform and monochlorodifluoromethane appear to share the ability of nitrous oxide and hyperbaric nitrogen to produce dose-related falls in deep body temperature and to elicit behavioural changes promoting the onset and maintenance of this hypothermia (Pertwee et al. 1986) .
Before discussing the significance of the results it is important to examine the experimental design for uncontrolled artifacts or variables. Three possibilities are considered. First, soda lime was present beneath the mesh floor of the behavioural apparatus and it might have interacted with urine to generate a substance which affected the animals. This possibility may be discounted, however, because control experiments showed that mice did not become hypothermic or avoid warmth in the absence of anaesthetics. The soda lime might also have reacted with an anaesthetic to produce a pharmacologically active substance, but this seems most unlikely. The same nitrous oxide results were obtained with (a) the gas streamed (this paper) and (b) the gas stationary (Pertwee et al. 1986) , and the data show a good correlation with the anaesthetic potency of the other agents used, chloroform (streamed) and monochlorodifluoromethane and nitrogen (stationary). These data provide no reason to suppose there is some uncontrolled factor influencing the animals, a point which also applies to the third possibility, that the P02 may have been significant. Monochlorodifluoromethane was mixed with 1 atm of oxygen whereas nitrous oxide and chloroform were administered in combination with a much lower P0 (0-2 atm). However, since previous experiments have shown that nitrous oxide produces essentially the same changes in body temperature and behavioural thermoregulation when mixed with 1 0 atm of oxygen as those it produces in the presence of 0-2 atm oxygen (Pertwee et al. 1986) , it is unlikely that our results were significantly affected by the use of a higher partial pressure of oxygen in some experiments than in others. The lowest doses of nitrous oxide and chloroform used produced hypothermia without causing mice to spend a reduced amount of time in the warm. Indeed, in one experiment, mice spent more time in the warm after receiving the lowest dose of nitrous oxide than before, a pattern of behaviour similar to the one observed in the control experiment with air. We conclude that the relatively small falls in rectal temperature produced by these doses of nitrous oxide and chloroform were brought about by autonomic changes in heat gain or loss and/or by changes in behavioural thermoregulation that were not detectable by the method employed in these experiments. It was also found that when the highest dose of monochlorodifluoromethane was given, mice spent no less time in the warm during the final 30 min of the experiment than during the initial 30 min control period and yet remained markedly hypothermic (Table 3 ). The reason for this apparent discrepancy is not clear. However, it is noteworthy that the same group of animals spent only a negligible amount of time in the warm in an earlier 30 min period (in the presence of monochlorodifluoromethane) and that the total time spent in the warm in the whole of the 2 h period after monochlorodifluoromethane administration (45 6 min) was markedly less (Miller et al. 1972). than the time spent in the warm by control animals (109 min) over the same period (Table 1) .
The log dose-hypothermic response plots for the anaesthetics used in this study were approximately parallel (Fig. 2) and there is a striking correlation between anaesthetic potency, as measured by the ability to abolish the righting response, and hypothermic potency (Fig. 3) . Despite minor differences between the experimental conditions the correlation between anaesthetic and hypothermic potency holds over a 4000-fold potency range. The behavioural thermoregulation of mice is thus affected by doses of anaesthetics at least six times less than the ED50 for the abolition of the righting response, itself an endpoint for 'light' anaesthesia (Paton & Speden, 1965) . The incidence of loss of the righting response in a group of mice rises from 0 to 100 % over a relatively narrow dose range (Miller, Paton & Smith, 1967; Miller et al. 1972) , indicating that general anaesthetics can produce hypothermia at doses well below those required to affect the righting response.
The basis for the effect of subanaesthetic doses of general anaesthetics on behavioural thermoregulation is of considerable interest. One possibility is a lowering of the thermoregulatory set point. However, there are other potential mechanisms; for example, a change in skin or rectal blood flow could be involved.
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